Excessive mucus is a hallmark of chronic obstructive pulmonary disease (COPD). There is an emerging interest in the role of TGF-b signaling in the initiation and progression of COPD. Growth differentiation factor 15 (GDF15) is a divergent member of TGF-b superfamily. However, whether cigarette smoke induces airway epithelial GDF15 production and its functions in the airways have not been revealed. Therefore, we first analyzed GDF15 protein expression in airway epithelium of human COPD smokers versus normal non-smokers. We then examined the regulation and function of GDF15 in human airway epithelial cells in response to cigarette smoke exposure. We found increased GDF15 protein expression in airway epithelium (mainly in ciliated cells) of human COPD smokers compared with normal non-smokers. Furthermore, cigarette smoke exposure consistently up-regulated GDF15 expression in human airway epithelial cells. Moreover, GDF15 was shown to play a critical role in cigarette smoke-induced airway epithelial MUC5AC expression. Lastly, activation of phosphoinositide 3-kinase (PI3K) pathway was largely responsible for GDF15-induced airway epithelial MUC5AC expression. Our findings indicate that human airway epithelial cells can produce GDF15 during cigarette smoke exposure, which subsequently activates PI3K pathway to promote mucin (e.g. MUC5AC) expression. This highlights a novel role of GDF15 in regulating airway mucosal immunity (e.g. mucin) in cigarette smoke-exposed lungs.
Introduction
Airway mucus over-production in chronic obstructive pulmonary disease (COPD) contributes to airway obstruction, accelerated decline of lung function, morbidity and mortality. [1] [2] [3] [4] [5] Cigarette smoke is a major risk factor in the pathogenesis of COPD. [6] [7] [8] [9] Mucins are glycoproteins and serve as the major component of mucus. Among 21 identified mucins, MUC5AC appears to be the predominant secreted gel-forming mucin in healthy human airway epithelial cells, and its expression is augmented in smokers and COPD patients. [10] [11] [12] In addition, cigarette smoke and its components have been shown to induce mucin (e.g., MUC5AC) expression in cultured human airway epithelial cells. [13] [14] [15] [16] However, the detailed mechanisms underlying cigarette smoke-induced mucin over-expression remain unclear.
Currently, there is an emerging interest in the role of TGF-b signaling in the initiation and progression of COPD. 17 For example, increased TGF-b1 occurs in airway epithelium and submucosal cells of COPD patients and in cultured cigarette smoke-exposed human primary bronchial epithelial cells, suggesting a role for TGF-b1 in COPD pathogenesis by promoting airway mucus over-production. 18, 19 As the TGF-b superfamily consists of more than 40 members, 20, 21 it is unlikely that TGF-b1 is fully responsible for mucin over-production in airway epithelium of cigarette smoke-exposed lungs. Nevertheless, whether other TGF-b superfamily members also contribute to mucin over-production in COPD lungs remains largely unknown.
Growth differentiation factor 15 (GDF15), also known as macrophage inhibitory cytokine 1, is a divergent member of the TGF-b superfamily. GDF15 was first cloned from human U937 monocytoid cell line and originally discovered as a factor in immune regulation. 22 In a normal condition, GDF15 mRNA is most abundant in liver, placenta and prostate, but weakly expressed in other tissues. However, GDF15 expression is dramatically induced in many tissues or cell types under pathogenic conditions (e.g. acute injury and inflammation). Increased GDF15 may regulate inflammation, apoptosis and cell growth during various diseases, including liver injury, 23 cancers, 24, 25 cardiovascular diseases, [26] [27] [28] [29] thalassemia, 30 and viral infections. 31, 32 Additionally, GDF15 has been reported to enhance hypertrophic growth of human ventricular cardiomyocytes via activation of phosphoinositide 3-kinase (PI3K) pathway. 33 GDF15 over-expression in hepatoma cells leads to PI3K/Akt activation in vitro. 32 To date, studies of GDF15 expression and function in the lung are very limited. In situ hybridization in rats has revealed GDF15 mRNA expression in bronchial epithelial cells. 34 A recent study has shown extremely lower levels of GDF15 protein in human normal bronchial and alveolar epithelial cells, but much more in vascular endothelial cells of pulmonary arterial hypertension lungs. 29 Nevertheless, in our preliminary experiment, we observed that well-differentiated human brushed bronchial epithelial cells highly expressed GDF15 at both mRNA and protein levels, especially upon cigarette smoke exposure. However, whether cigarette smoke induces airway epithelial GDF15 production and its functions in the airways have not been revealed yet. Furthermore, whether GDF15 activates PI3K pathway in human airway epithelial cells remains unknown.
In this study, we hypothesized that cigarette smoke can up-regulate GDF15 expression in human airway epithelial cells, which in turn promotes MUC5AC expression via activation of PI3K pathway. First, we analyzed GDF15 protein expression in airway epithelium of human COPD smokers versus normal nonsmoker controls. Second, we examined the effects of cigarette smoke on GDF15 and MUC5AC expression in air-liquid interface (ALI) cultures of primary human bronchial epithelial cells. Third, we defined a critical role of epithelial GDF15 in cigarette smoke-induced MUC5AC expression by using the lentivirus-mediated gene knockdown approach. Lastly, we showed the role of PI3K pathway in GDF15-induced human airway epithelial MUC5AC expression.
Materials and methods

Human lung tissues
Lung tissues of normal human non-smoker controls (n ¼ 4) were obtained from de-identified organ donors whose lungs were not suitable for transplantation. Lung tissue sections of human mild to severe COPD smokers (n ¼ 6) were requested from the Lung Tissue Research Consortium (LTRC) of the National Heart, Lung, and Blood Institute (NHLBI).
Air-liquid interface (ALI) cultures of normal human tracheobronchial epithelial cells
Normal human tracheobronchial epithelial cells were obtained from the tracheas and bronchi of de-identified organ donors whose lungs were not suitable for transplantation. Tracheas and bronchi were cut into small pieces and digested with ice-cold DMEM supplemented with 0.2% protease solution and 1 Â pen/strep/amphotericin overnight (16 h) at 4 C. The released cells were cultured in collagen-coated 60 mm tissue culture dishes containing bronchial epithelial cell growth medium (BEGM) with supplements (Lonza, Walkersville, MD, USA) at 37 C, 5% CO 2 . At 80% confluence, cells were transferred onto collagen-coated 12-well transwell plates at 4 Â 10 4 cells/well (Corning Inc., Corning, NY, USA) in DMEM/BEBM (1:1) with supplements. Culture media were refreshed every other day for 7 d in an immersed culture condition and shifted to ALI culture by reducing the apical medium to 50 ml. On ALI day 10, well-differentiated cells were exposed to air (control) or cigarette smoke for 10 min from research cigarette 2R4F (University of Kentucky, Lexington, KY, USA) using a mainstream smoking chamber specifically designed for cell culture experiments (British American Tobacco Science, Southampton, UK) as previously described. 35 After 24 h, MUC5AC and GDF15 mRNA expression, GDF15 protein levels in apical and basolateral supernatants and MUC5AC protein levels in apical supernatants were determined. In experiments designed to characterize co-localization of GDF15 and MUC5AC protein in large airway epithelial cells, welldifferentiated cells were exposed to air or cigarette smoke for 10 min on ALI day 10. Twenty-four hours later, cells on transwell membranes were fixed in 10% formalin, embedded in paraffin and processed for immunofluorescent staining.
Submerged cultures of normal human tracheobronchial epithelial cells
To determine if GDF15 activates PI3K pathway in human airway epithelial cells, normal human tracheobronchial epithelial cells at passage 2 were seeded into 12-well cell culture plates at 2 Â 10 5 cells/well in BEGM with supplements at 37 C, 5% CO 2 . At 100% confluence, cells were treated with BSA or recombinant GDF15 (rhGDF15, 10 ng/ml, R&D Systems, Minneapolis, MN, USA) for 15, 30, 60 and 120 min. At the end of culture, cells were lysed in RIPA buffer (Pierce, Rockford, IL, USA) supplemented with 1% halt protease and phosphatase inhibitor cocktail (Pierce) for pAkt and total Akt Western blot analysis.
Immunofluorescent staining
Formalin-fixed and paraffin-embedded sections of lung tissues or ALI cultured epithelial cells were deparaffinized and rehydrated, followed by antigen retrieval with microwave boiling in 10 mM citrate buffer (pH 6.0) for 12 min. They were then blocked with 10% normal goat or horse serum (Vector Laboratories, Burlingame, CA, USA), probed with rabbit antihuman GDF15 (1:50; Sigma-Aldrich, St Louis, MO, USA), mouse anti-human acetylated tubulin (1:100; Sigma-Aldrich), mouse anti-human MUC5AC (45M1) (1:50; NeoMarkers, Fremont, CA, USA) or control IgGs (1:50; Vector Laboratories) overnight at 4 C. The slides were incubated with appropriate FITC labeled goat anti-rabbit IgG or Texas red labeled horse anti-mouse IgG (Vector Laboratories) for 2 h at room temperature (20-25 C), and then with DAPI to counterstain the nuclei. After being mounted with DAKO Õ fluorescent mount medium (Dako, Glostrup, Denmark), the slides were examined under a fluorescent microscope.
GDF15 gene knockdown in human lung epithelial cell line
Human lung mucoepidermoid carcinoma derived NCI-H292 cells (clone CRL-1848) were from the American Type Culture Collection (Manassas, VA, USA). A vesicular stomatitis virus envelope glycoprotein (VSV-G) pseudotyping approach was utilized to transduce human GDF15 short hairpin RNA (shRNA) encoded in a lentiviral vector (pLL3.7) to NCI-H292 cells. Antiparallel pairs of oligonucleotides that encode shRNA of GDF15 were ordered from the IDT laboratories (San Diego, CA, USA) and the sequences are: Sense: 5 0 -TGCATCCCTGTGAACAGTAATTCAA-GAGATTACTGTTCACAGGGATGCTTTTTTC-3 0 ; Anti-sense: 5 0 -TCGAG-AAAAAAGCATCCCTGT-GAACAGTAATCTCTTGAATTACTGTTCACAG-GGATGCA-3 0 . Human GDF15 shRNA encoded in pLL3.7 was generated as previously described. 36, 37 Briefly, NCI-H292 cells at passage 8 were cultured in 6-well culture plates (1 Â 10 5 cells/well) in RPMI1640 containing 10% FBS without antibiotics until about 60% confluence when they were transduced with either pLL3.7-sh firefly luciferase (shLUC, an irrelevant gene control) or pLL3.7-GDF15 (shGDF15) once daily for three consecutive days. Forty-eight hours after the last transduction, cells were transferred onto collagen-coated 12-well transwell plates at 4 Â 10 4 cells/well in RPMI1640 containing 10% FBS with antibiotics. Culture media were refreshed every other day until cells were 100% confluence and the apical medium was reduced to 50 ml for additional 5 d. Cells were then exposed to air or cigarette smoke for 10 min as described above. After 24 h, MUC5AC and GDF15 mRNA expression, GDF15 protein levels in basolateral supernatants and MUC5AC protein levels in apical supernatants were determined.
NCI-H292 cells in submerged cultures
NCI-H292 cells were regularly maintained in RPMI1640 containing 10% FBS with antibiotics. To reveal if GDF15 directly induces MUC5AC expression in human lung epithelial cells, NCI-H292 cells at passage 8-15 were seeded at the concentration of 1 Â 10 5 per well in 12-well cell culture plates in RPMI1640 containing 0.1% FBS. After overnight growth, cells were treated with BSA or rhGDF15 (1, 3, and 10 ng/ml) in serum-free medium for 24 h. GDF15 concentration was chosen from our calculation of GDF15 protein levels in epithelial lining fluid (ELF) of cigarette smoke-exposed human airways in our preliminary experiment. Specifically, we measured GDF15 levels in bronchoalveolar lavage fluid of normal smoker controls and current COPD smokers, and converted them to 1.2 to 7.4 ng/ml in ELF based on the 100-to 200-fold dilution factor of ELF with a standard lavage procedure. 38, 39 At the end of culture, cells were lysed in TRIzol for RNA extraction to determine MUC5AC mRNA expression.
To determine if GDF15 activates PI3K pathway in human lung epithelial cells, NCI-H292 cells at passage 8-15 were seeded at the concentration of 5 Â 10 5 per well in 6-well cell culture plates in RPMI1640 containing 0.1% FBS. After overnight growth, cells were treated with BSA or rhGDF15 (10 ng/ml) in serum-free medium for 15, 30, 60 and 120 min. At the end of culture, cells were lysed in RIPA buffer (Pierce) supplemented with 1% halt protease and phosphatase inhibitor cocktail (Pierce) for pAkt and total Akt Western blot analysis.
To demonstrate if PI3K pathway is involved in GDF15-induced MUC5AC expression in human lung epithelial cells, NCI-H292 cells at passage 8-15 were seeded at the concentration of 1 Â 10 5 per well in 12well cell culture plates in RPMI1640 containing 0.1% FBS. After overnight growth, cells were treated with a selective PI3K inhibitor wortmannin (1 mM, Cell Signaling, Danvers, MA, USA) for 1 h prior to the BSA or rhGDF15 (10 ng/ml) treatment in serum-free medium. After an additional 24 h, cells were lysed in TRIzol for RNA extraction to determine MUC5AC mRNA expression.
Western blot analysis
Equal amount of protein samples were separated on 10% Precise TM Protein Gels (Pierce), transferred onto nitrocellulose membranes, probed with pAkt rabbit antibody or Akt rabbit antibody (Cell Signaling), followed with HRP-linked secondary Abs and Pierce Õ ECL western blotting substrate.
ELISA
GDF15 protein levels in cell culture supernatants were determined by using human GDF15 DuoSet ELISA Development kit (R&D Systems) as per the manufacturer's instruction. The human MUC5AC ELISA kit was purchased from the ELISA Tech (Aurora, CO, USA). The 1:100 diluted apical supernatant from ALI cultures of normal human brushed bronchial epithelial cells after IL-13 stimulation was used as a positive control reference, and its MUC5AC level was defined as 100 arbitrary units (AUs). The relative MUC5AC protein levels in our cell culture samples were calculated by normalizing their OD values to the positive control reference, and expressed as AUs.
Quantitative real-time RT-PCR
TaqMan Õ Gene Expression Assay for human GDF15 (Hs03986124_s1) was obtained from Applied Biosystems (Foster City, CA, USA). The following primers and probe for human MUC5AC cDNA (Genbank accession number, AF015521) were used. Forward, 5 0 -CGTGTTGTCACCGAGAACGT-3 0 ; Reverse, 5 0 -ATCTTGATGGCCTTGGAGCA-3 0 ; Probe, 5 0 -CTGCGGCACCACAGGGACCA-3 0 . Quantitative real-time RT-PCR was performed on the CFX96 TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Housekeeping gene GAPDH was evaluated as an internal positive control. The comparative cycle of threshold (ÁÁCt) method was used to demonstrate the relative mRNA levels of target genes.
Statistical analysis
Data are presented as mean AE SEM. One-way analysis of variance (ANOVA) was used for multiple comparisons, and a Turkey's post hoc test was applied where appropriate. Student's t test was used when only two groups were compared. A P value of <0.05 was considered significant.
Results
Airway epithelial cells of COPD smokers express increased GDF15 protein
To examine GDF15 protein expression in human airway epithelium, lung tissue sections from normal human non-smoker controls and COPD smokers were subjected to GDF15 and acetylated tubulin immunofluorescent staining. Because only small airways were available in surgically resected distal lungs from COPD smokers, we compared GDF15 expression in small airways between normal non-smokers and COPD smokers. No staining was seen in tissues incubated with the control IgG ( Figure 1A) . In normal human non-smoker lungs ( Figure 1C ), small airway epithelial cells exhibited very weak staining. Smooth muscle cells were also weakly positive as previously reported. 29 However, increased GDF15 protein staining was seen mainly in ciliated cells of small airway epithelium of COPD smoker lung tissue, as demonstrated by dual immunofluorescent staining ( Figure 1E ).
Cigarette smoke exposure induces GDF15 and MUC5AC expression in cultured human primary airway epithelial cells
In the current study, well-differentiated normal human tracheobronchial epithelial cells were exposed to whole cigarette smoke, which enables us to determine the effects of all cigarette smoke components (e.g. particulates, gas and vapor) on epithelial functions. As shown in Figure 2A , cigarette smoke exposure significantly increased GDF15 expression at both mRNA (upper panel) and protein (middle panel and lower panel) levels.
Previous studies have reported that upon exposure to cigarette smoke extract (CSE), MUC5AC mRNA and protein expression was increased in cultured human airway epithelial cells. 12, 16, 40 In the current study, we tested if whole cigarette smoke exposure was able to induce lung epithelial MUC5AC expression in vitro. As shown in Figure 2B , cigarette smoke exposure significantly increased MUC5AC expression at both mRNA (upper panel) and protein (lower panel) levels in well-differentiated human primary airway epithelial cells.
To characterize the cellular source of GDF15 and its co-localization with MUC5AC protein in large airway epithelial cells, ALI cultured normal human tracheobronchial epithelial cells with air or cigarette smoke exposure were processed for immunofluorescent staining. As shown in Figure 3 , we found that ciliated cells produced GDF15 upon cigarette smoke exposure, which supported our data in COPD lung tissues. GDF15 did not co-localize with MUC5AC protein (i.e. goblet cells).
GDF15 gene knockdown inhibits cigarette smokeinduced MUC5AC expression in human lung epithelial cells
Human lung epithelial NCI-H292 cells are a well-characterized and widely used cell model system of mucin production. 41 In our preliminary experiment, we validated that NCI-H292 cells responded to cigarette smoke exposure regarding GDF15 expression in a similar manner to well-differentiated normal human primary airway epithelial cells. However, the baseline of GDF15 protein in NCI-H292 cells is much less (only about 10%) than that in well-differentiated normal human primary airway epithelial cells. Thus, in the present study, NCI-H292 cells served as a model system where GDF15 gene can be knocked-down to define its role in cigarette smoke-induced MUC5AC expression. Indeed, compared with the control shLUC vector, shGDF15 lentiviral vector resulted in a significant reduction of GDF15 expression in the absence or presence of cigarette smoke exposure ( Figure 4A) . Importantly, the reduction of epithelial GDF15 expression accordingly attenuated cigarette smoke-induced MUC5AC expression at both mRNA (upper panel) and protein (lower panel) levels in NCI-H292 cells ( Figure 4B ).
GDF15-induced airway epithelial MUC5AC expression is partially dependent on PI3K/Akt signaling pathway
The mechanisms underlying GDF15 modulation of airway epithelial mucin production have not been investigated. In our preliminary experiment, compared with human primary airway epithelial cells, NCI-H292 cells, owing to thier low basal GDF15 expression, were more sensitive to rhGDF15 protein treatment ($10 ng/ ml) regarding MUC5AC induction. This feature allows us to study epithelial GDF15 function in cigarette smoke-exposed human airways by using GDF15 under the physiological concentration range (1-10 ng/ ml). Thus, in the present study, we utilized NCI-H292 cells as a model system to disclose molecular mechanisms involved in GDF15-mediated MUC5AC induction in human airway epithelial cells.
First, to reveal if GDF15 directly induces epithelial MUC5AC expression, NCI-H292 cells were treated with BSA or rhGDF15 at indicated physiological doses. As shown in Figure 5A , GDF15 protein dosedependently increased MUC5AC mRNA expression. Second, to demonstrate if GDF15 activates PI3K/Akt signaling pathway in human lung epithelial cells, NCI-H292 cells and normal human tracheobronchial epithelial cells under submerged cultures were treated with BSA or rhGDF15 at different time-points to determine Akt activation. GDF15 protein time-dependently induced phosphorylation of Akt in NCI-H292 cells ( Figure 5B, upper panel) . GDF15-induced PI3K/Akt activation was similarly observed in normal human tracheobronchial epithelial cells under submerged cultures, but with a much higher GDF15 dose than that in NCI-H292 cells ( Figure 5B, lower panel) . Third, to further prove the involvement of PI3K/Akt activation in GDF15-indcued MUC5AC expression, NCI-H292 cells were treated with BSA or rhGDF15 in the absence or presence of a selective PI3K inhibitor wortmannin. Pretreatment of wortmannin significantly attenuated GDF15-induced epithelial MUC5AC mRNA expression in NCI-H292 cells ( Figure 5C ). However, MUC5AC protein was undetectable in cell culture supernatants of the submerged NCI-H292 cell cultures at such a low cell density. Together, our data suggest that GDF15 may activate PI3K/Akt signaling pathway to promote MUC5AC expression in human lung epithelial cells.
Discussion
For the first time, we studied the expression and function of lung epithelial-derived GDF15 in response to cigarette smoke exposure. We found increased GDF15 protein expression in airway epithelium of human COPD smokers compared with normal nonsmoker controls. Furthermore, cigarette smoke exposure consistently up-regulated GDF15 expression in human airway epithelial cells. Moreover, GDF15 was shown to play a critical role in cigarette smoke-induced MUC5AC expression in human airway epithelial cells. Lastly, activation of PI3K/Akt signaling pathway was largely responsible for GDF15-induced airway epithelial MUC5AC expression. To date, whether cigarette smoke exposure up-regulates GDF15 expression in the lung, especially in airway epithelium, is undefined. In the current study, we have clearly demonstrated that airway epithelial cells, especially ciliated cells of COPD patients with smoking history expressed higher levels of GDF15 protein than those in normal non-smokers. However, we have not determined if other types of cells (e.g. Clara cells) also increase GDF15 in response to cigarette smoke exposure. Moreover, we have disclosed that cigarette smoke exposure up-regulated GDF15 expression in well-differentiated human primary airway epithelial cells (mainly in ciliated cells), as well as human lung epithelial NCI-H292 cells. These results will significantly advance our knowledge of GDF15 expression and regulation in the lung.
In contrast to the extensive studies of other TGFb family members (e.g. TGF-b1 and 2) in regulating airway mucosal immunity, such as mucin production, the function of epithelial GDF15 in the airways has not been investigated. In the present study, we have elucidated that GDF15 acted as an important mediator in cigarette smoke-induced MUC5AC expression by human airway epithelial cells. First, knockdown of GDF15 protein by using lentivirusmediated RNA interference in NCI-H292 cells consistently attenuated MUC5AC expression after cigarette smoke exposure. However, we realize that our lentiviral GDF15 shRNA-mediated gene knockdown efficiency was low (<45%) in NCI-H292 cells. Future studies will utilize GDF15 knockout mouse tracheal epithelial cells to further define the role of GDF15 in airway mucin (e.g. MUC5AC) regulation. Second, recombinant GDF15 protein dose-dependently induced MUC5AC expression in NCI-H292 cells. To our knowledge, this is the first report of airway mucin gene regulation by this novel mechanism.
The TGF-b family proteins bind to distinct type I and type II serine/threonine kinase receptors and exert their biological functions mainly through the small mother against decapentaplegic (Smad) signaling pathway. 42 However, GDF15-initiated cell signaling pathways are poorly understood. For example, whether GDF15 activates Smad-dependent pathway remains controversial. Xu et al. have shown that an acute treatment with recombinant GDF15 protein in neonatal cardiomyocytes resulted in a prominent induction of Smad2/3 phosphorylation and a mild induction of Smad1/5/8 phosphorylation. 43 However, when Si et al. examined the intracellular signaling pathways in human hepatoma cell line stably over-expressing human GDF15, the classical intracellular Smad cascade was not activated by GDF15. 32 This suggests that Smad signaling pathways in response to GDF15 stimulation could be cell-type specific. However, several recent studies have consistently shown a significant phosphorylation of Akt owing to GDF15 overexpression or stimulation in a variety of cell types, including human cardiomyocytes and pulmonary microvascular endothelial cells. 29, 32, 43 Previous publications have demonstrated that cigarette smoke induces MUC5AC expression partly through the PI3K/Akt signaling pathway in human airway epithelial cells. 44, 45 However, whether cigarette smoke activates the PI3K/Akt pathway directly or indirectly through cigarette smoke-induced mediators remains elusive. In the present work, we have clearly demonstrated that GDF15 promoted PI3K/Akt phosphorylation in human lung epithelial NCI-H292 cells for the first time. In addition, GDF15-induced PI3K/Akt activation was similarly observed in normal human tracheobronchial epithelial cells under submerged cultures. Furthermore, activation of PI3K/Akt signaling pathway was required for MUC5AC induction by GDF15 in NCI-H292 cells. Together, these results suggest that cigarette smoke may indirectly activate PI3K/Akt pathway through GDF15 to promote mucin (e.g. MUC5AC) expression in human airway epithelial cells. However, whether GDF15 induces Smad cascade activation to promote mucin production in the context of cigarette smoke exposure deserves future studies.
Conclusions
Our findings indicate that human airway epithelial cells are able to produce GDF15 during cigarette smoke exposure, which subsequently activates the PI3K/Akt signaling pathway to promote mucin (e.g. MUC5AC) expression. This highlights a novel role of GDF15 in regulating airway mucosal immunity (e.g. mucin) in cigarette smoke-exposed lungs, which may contribute to COPD pathogenesis. Targeting epithelial GDF15 might be promising for preventing or treating mucin over-production in cigarette smoke-exposed lungs. 
